OBJECTIVE: Significant dilation of the pulmonary autograft is problematic after the Ross operation and may require reoperation. Pulmonary autograft remodelling occurs in response to the immediate rise in pressure and consequently wall stress. Stress-strain response of the pulmonary root plays an important role in understanding autograft function and remodelling following the Ross procedure. However, limited data are available on mechanical properties of fresh human pulmonary roots. The aim of this study was to compare mechanical properties of fresh human pulmonary and aortic roots prior to the Ross operation.
INTRODUCTION
Over the past three decades, the pulmonary autograft has been successfully used in the Ross operation as a replacement for the diseased aortic valve in young adults and paediatric patients [1, 2] . The procedure provides unique advantages in this select group of patients compared with prosthetic valve replacement, including the ability to grow, excellent haemodynamics and freedom from anticoagulation therapy. Three main techniques have been utilized in the Ross operation and are the root replacement, subcoronary implantation and root inclusion techniques. The Ross procedure provides excellent short-term results using any one of these techniques. However, over the long-term, most patients undergoing the Ross procedure develop some degree of autograft dilatation, mostly with the root replacement technique. Excessive dilatation can lead to valvular regurgitation or aneurysm formation which may lead to reoperation [1, 2] .
The mechanical behaviour of the pulmonary autograft in the aortic position and the influence of pathologic remodelling are poorly understood.
The pulmonary autograft is subjected to systemic pressure following the Ross operation. Immediate rise in pressure may have a direct impact on autograft remodelling and its underlying structure. Vascular remodelling is an active and adaptive process that occurs in response to long-term changes in haemodynamic conditions [3] . Pulmonary autograft exposure to systemic pressure results in significantly higher stress in the arterial wall. Increased stress is known to regulate matrix degrading enzymes and likely contributes to autograft remodelling and dilation [4] . Therefore, the stress-strain response of the pulmonary root plays an important role in understanding autograft function following the Ross procedure. However, there is limited data on mechanical properties of fresh and healthy human pulmonary roots when compared with aortic roots [5] . We have previously demonstrated regional variability and compared material properties of pulmonary and aortic roots in the porcine model [6] . However, recent data suggest that mechanical behaviour of the porcine root may differ significantly from that of humans [7] . The objective of this study was to compare mechanical properties of fresh human pulmonary and aortic roots prior to the Ross operation through a paired comparison approach.
MATERIALS AND METHODS
This study was approved by the Committee on Human Research from the University of California at San Francisco Medical Center, Institutional Review Board of the San Francisco VA Medical Center, and California Transplant Donor Network. Fresh healthy human pulmonary and aortic root specimens (n = 21, age 50 ± 12 years) were obtained from the California Transplant Donor Network (CTDN, Oakland, CA, USA) from unused donor hearts with noncardiac causes of death and consented for research. Samples from two regions were excised from both pulmonary and aortic roots-anterior and posterior artery 1 cm distal to the sinotubular junction and each one of the intrasinus regions. Since sample orientation is crucial in determining mechanical properties with respect to anatomic orientation, care was taken to align specimen edges in the circumferential and longitudinal directions. Sample thicknesses were measured using Mitutoyo Digital waterproof caliper (Model 500-754-10) by lightly sandwiching the tissue between two glass slides. Excised samples were stored in Dulbecco's phosphate buffered saline solution without calcium and magnesium. All mechanical testing was completed within 24 h of cross-clamp time (n = 18, remaining n = 3 used for histology).
Planar biaxial testing system
A custom-built planar biaxial stretching system was used to determine mechanical properties of pulmonary and aortic roots (Fig. 1) . Details of the biaxial tensile testing methods and analyses have been previously described [8] . Briefly, three 5-0 silk sutures were anchored to each edge of the specimen using small, barbless fishhooks. These sutures were attached to four linear arms of the stretcher, aligning circumferential and longitudinal edges with the direction of deformation. Five black ceramic markers (MO-SCI Corp., Rolla, MO, 250-355 μm) were placed on the tissue surface, creating a 3 mm × 3 mm grid in the centre of the specimen. The tissue was then floated in a saline bath at room temperature. Load cells (Model 31/3672-02, Honeywell Sensotec Inc., Columbus, OH, USA, 1000 gm; ±0.1%), located on two orthogonal arms were zeroed and monitored while mounting the sample to ensure that a measurement of zero force corresponded to the length of the resting tissue. During extension, data from load cells was amplified and used to determine force on the sample during deformation. Real-time displacement of the marker beads on the tissue surface were obtained using a noncontacting CCD camera placed over the tissue surface (30 fps, Model TM 9701, Pulnix Inc., Sunnyvale, CA, USA; 0.1pixels/mm). Images of the tissue surface during deformation were digitized in MATLAB (The Mathworks, v. 7.0, Natick, MA, USA), and the markers were located based on their contrast to the surrounding tissue surface. Coordinates of each marker were tracked through the loading cycle, and their relative movement was used to calculate Green strains in the principal and shear directions. Samples were tested over a large strain range using equibiaxial displacement controlled protocols. First, 10 preconditioning cycles of 10% stretch, using a triangular waveform at 0.5 Hz, were applied. Subsequently, each specimen was repeatedly cycled up to 55% peak strain. The same protocol in the same order was repeated for each specimen.
Histological analysis
From three hearts obtained from CTDN (Oakland, CA, USA), the fibrous structure of human pulmonary and aortic roots was examined. First, fresh human tissue samples were cut as described above and fixed in 10% formalin. Subsequently, the samples were embedded in paraffin and sectioned for histology. Sections were stained with haematoxylin and eosin, sirius red for collagen and for elastin. Digital images of each section were obtained by an upright microscope (Leica Microsystems Inc., Buffalo Grove, IL, Model DM 2000). A cardiovascular pathologist blinded to the specimen regions qualitatively analysed and compared the relative content and orientation of collagen and elastin in each component.
Data and statistical analysis
The experimental data from the biaxial mechanical stretch testing was fitted to a two-dimensional Fung strain energy function which is a mathematical description of the stress-strain response of the tissue. Tissue stiffness defined as the first derivative of the stress-strain response at a given point was quantified and compared among tissue samples. As a result, a direct comparison was made between different regions of pulmonary and aortic roots at each principal direction. Due to high sensitivity of tissue initial strain to the amount of force applied on the tissue prior to extension, tissue stiffness was obtained from the raw experimental data at the arterial stress level at systemic pressure. Arterial stress was calculated in the circumferential direction based on the Laplace equation considering a mean systemic pressure of 100 mmHg and using wall thickness and diameter of the pulmonary artery and ascending aorta. Consequently, tissue stiffness of pulmonary root regions was obtained at a stress level of 160 KPa and aortic root tissue stiffness was obtained at a stress level of 73 KPa. In case tissue specimens were not stretched to the desired stress level, tissue stiffness was obtained from extrapolated curves based on the Fung strain energy function fitted to the raw data. For statistical analysis, normal distribution of tissue stiffness at physiological stress was first verified for all regions using the Kolmogorov-Smirnov test. Consequently, individual paired t-tests were utilized to compare tissue stiffness of different regions. Reported values are quoted as mean ± standard deviation (S.D.) and P < 0.05 was considered statistically significant. Statistical analyses were performed using IBM SPSS Statistics 19.
RESULTS
Square samples of consistent size were cut from pulmonary and aortic roots. Average length and thickness of square samples obtained from each region are shown in Table 1 . Mean thickness of pulmonary artery specimens was significantly greater than pulmonary sinus samples (P < 0.001). Likewise, mean thickness of ascending aorta samples was significantly greater than aortic sinus specimens (P < 0.001). In a matched comparison of pulmonary and aortic roots, mean thickness of pulmonary artery specimens was found to be significantly less than ascending aortic samples (P < 0.001). Similarly, mean thickness of pulmonary sinus samples was significantly less than aortic sinus samples (P < 0.001).
Experimental raw data obtained from equibiaxial testing of pulmonary artery and ascending aorta are shown as Cauchy stress-Green strain plots in Fig. 2 . Stress-strain responses of pulmonary and aortic sinuses are presented in Fig. 3 . All regions demonstrated nonlinear response to strain during the testing protocol in both circumferential and longitudinal directions. However, nonlinearity of pulmonary and aortic sinuses was more pronounced in comparison to the corresponding supravalvular arteries. Overall, the stress-strain response of pulmonary artery and sinuses were qualitatively similar to that of their matched ascending aorta and aortic sinus counterparts.
Tissue stiffness of pulmonary and aortic roots was obtained at the arterial stress level corresponding to systemic pressure, 160 and 73 KPa, respectively (Fig. 4) . Increased stress level of the pulmonary compared to aortic root was based upon the significantly decreased wall thickness of the pulmonary versus aortic root. All regions of human pulmonary and aortic roots demonstrated no directional dependency to biaxial loading at arterial stress level. In other words, there was no significant difference in the stiffness of each region between the circumferential and longitudinal directions at arterial stress level corresponding to systemic pressure (P > 0.33). Comparison between pulmonary artery and ascending aorta revealed that pulmonary artery was significantly 
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A.N. Azadani et al. / European Journal of Cardio-Thoracic Surgerystiffer than ascending aorta at systemic pressure in both circumferential (P < 0.001) and longitudinal (P < 0.001) directions. Furthermore, pulmonary sinuses were significantly stiffer than aortic sinuses both circumferentially (P < 0.001) and longitudinally (P < 0.001) at systemic pressure. In addition, regional differences were found in both pulmonary and aortic roots in which pulmonary artery and ascending aorta were more compliant than their sinus counterparts both circumferentially and longitudinally (P < 0.03). Histological analysis was made based on slides taken from pulmonary and aortic specimens through the tissue thickness in the longitudinal direction at an objective magnification of 10×. Staining effectively rendered the elastin fibres black, collagen fibres pink, and smooth muscle green. Ascending aorta had tight denser weave of elastin than the pulmonary artery (Fig. 5a-b) . Furthermore, collagen had a more regular distribution in ascending aorta than the pulmonary artery ( Fig. 5c-d) . Similar to arteries, aortic sinuses had tight denser weave of elastin than pulmonary sinuses (Fig. 6) . In both pulmonary and aortic root regions, collagen was distributed more on the lumen side and smooth cell muscles on the adventitia side (Figs. 5 and 6 ).
DISCUSSION
In this study, we examined mechanical properties of fresh human pulmonary and aortic roots using a planar biaxial stretching system. Tissue behaviour was quantified by tissue stiffness and a direct comparison was made between the different regions of pulmonary and aortic roots at systemic pressure. Both pulmonary and aortic roots demonstrated nonlinear material properties in the circumferential and longitudinal directions. Through a paired-comparison, pulmonary artery was found to be significantly stiffer than the ascending aorta under systemic pressure. Likewise, pulmonary sinuses were significantly stiffer than the aortic sinuses at systemic pressure. Furthermore, regional differences in compliance were found in both pulmonary and aortic roots where pulmonary artery and ascending aorta were more compliant than the sinus counterparts.
The load-bearing functionality of arterial tissue is mainly due to elastin fibres, collagen bundles and smooth muscle cells. In a passive mechanical response, tissue behaviour at low stress levels is attributed mainly to elastin fibres. However, as stress increases, collagen fibres dominate the mechanical response [9] . Prior to the Ross operation, pulmonary root is exposed to pulmonic pressure and the arterial stress level would be approximately 22 KPa in the circumferential direction. Based on the experimental raw data, mechanical response of pulmonary root at pulmonic pressure is primarily at the lower portion of the stress-strain curves, the elastin-dominated region ( Fig. 2 and 3) . However, after implantation in the aortic position, pulmonary artery and sinuses are exposed to systemic pressure and consequently the wall stress level is expected to increase significantly, approximately 160 KPa for pulmonary artery in the circumferential direction. Therefore, mechanical response of the pulmonary root shifts to the higher portion of the stress-strain curve, the collagen-dominated region. Mechanical response of ascending aorta on the contrary is relatively at the lower portion of the stress-strain curves at systemic pressure (Fig. 2) . Therefore, distensibility of the pulmonary root in the aortic position compared to the aortic root would be significantly limited. Our results are consistent with the observation that the pulmonary root minimally dilated beyond a pressure of 100 mmHg [10] .
There were significant differences in the histological composition of pulmonary and aortic roots. Ascending aorta and aortic sinuses had tight denser weave of elastin than pulmonary artery and sinus. Furthermore, collagen had a more regular distribution in the ascending aorta than pulmonary artery. Higher physiological stress level in the aortic root provides a reasonable explanation for the histological differences found between pulmonary and aortic regions. Likewise, morphological changes may occur in the pulmonary autograft following the Ross operation due to immediate rise in pressure. Vascular remodelling is known to occur in response to changes in haemodynamic conditions and increased wall stress in the pulmonary root likely contributes to the autograft remodelling. Quantification of underlying pathological remodelling of pulmonary autograft following the Ross procedure is beyond the scope of this study.
The results of this study are in good agreement with previous reports. Carr-White et al. [5] examined morphological properties of pulmonary artery and aorta of 18 patients who underwent pulmonary autograft surgery and 8 normal organ donors. They demonstrated that there was a major difference between morphological structure of the ascending aorta and pulmonary artery. Although collagen types 1 and 3 were similarly distributed in the pulmonary artery and ascending aorta, the aortic media was thicker, and its elastic fibres were more structured. Furthermore, they examined mechanical properties of pulmonary artery and ascending aorta using uniaxial tensile tests and reported stiffness moduli of the lower and higher portions of stress-strain curves. They found that the ascending aorta on average is 30-40% stiffer and stronger than the pulmonary artery based on the higher stiffness modulus. The conclusion made in the study is not in contrary to our results. As we discussed earlier, pulmonary and aortic roots demonstrated nonlinear response to biaxial loading and the stress level in pulmonary artery and ascending aorta are significantly different under systemic pressure, 160 and 73 KPa, respectively. Consequently, our paired-comparison of the stiffness obtained at the corresponding stress level would be more appropriate to reflect stiffness at systemic pressure. In contrast to pulmonary and aortic roots, mechanical properties of pulmonary and aortic valve leaflets have previously been found to be comparable. Stradins et al. [11] examined mechanical properties of 11 human cadaveric aortic and pulmonary valves using uniaxial tensile tests. Although, aortic valve was found to be thicker than pulmonary valve, biomechanical differences between the two valves were found to be minimal. The modulus of elasticity of pulmonary and aortic valve cusps in the circumferential direction at the level of stress 1.0 MPa was not statistically different between each other (P > 0.2). In addition, the aortic and pulmonary valves had identical construction elements and same density and composition of structural elements. The study concluded that the pulmonary valve can be considered mechanically and structurally suitable as a long-term substitute for the aortic valve. Based on the differences in compliance of the pulmonary and aortic sinuses at systemic pressure, but similarities in compliance of pulmonary and aortic leaflets, there are potential clinical implications. One possible implication is that the leaflets of the autograft are sufficiently similar such that the subcoronary technique may be less affected by adverse remodelling than the root replacement technique. However, future investigation of the remodelled autograft material properties will be necessary to determine how adverse remodelling affects the autograft in the root replacement technique. Results of our study suggest that upon exposure initially to systemic pressure, the autograft has minimal distensibility due to decreased compliance compared to the aortic root.
STUDY LIMITATIONS
The results of this study are limited to the in vitro setting. The average age of donors examined in this study is older than the typical age of Ross patients. Age-related alternation of tissue microstructure may affect the mechanical response of pulmonary autograft. However, acquiring fresh and healthy human hearts from the donor network is difficult particularly in the younger age range of Ross patients since those hearts would be used for transplantation not research. While a larger sample size of greater age range would be ideal to confirm these observations and increase statistical power for clinical translation, these data presented required collection of tissue over the past five years. There are also limitations associated with planar biaxial testing protocols which should be considered [12] . Pulmonary and aortic artery and sinuses are not flat tissues in their native state. The curved geometry of the specimens introduces difficulty when applying the appropriate stresses and strains in vitro using a planar biaxial stretching system. Another limitation was the fact that residual stress was not considered in the constitutive equations. The full mechanical state of the tissue is determined by considering the deformed state and the residual stress state. Instead, the equations proposed in this study considered the tissue to be in a zero-stress state. The experiments required to assess residual strains in the sinus tissues are extremely complicated and beyond the scope of this report.
CONCLUSION
In summary, we report the regional mechanical properties of fresh human pulmonary and aortic roots using a planar biaxial stretching system. Both pulmonary and aortic roots demonstrated nonlinear material properties in the circumferential and longitudinal directions. Using a paired-comparison approach, pulmonary root regions were found to be significantly stiffer than the aortic counterparts under systemic pressure. Distensibility of the pulmonary root in the aortic position is expected to be significantly smaller than the aortic root. In addition, significant differences in the histologic composition of pulmonary and aortic roots were found prior to the Ross procedure.
